Abstract: To clarify the interaction mechanism between distinct tundish gunning materials (GM) and liquid steel, two kinds of gunning materials, namely MgO, Al 2 O 3 GM, were tested. SEM, EDS, XRD and chemical analysis were carried out for steel and GM to investigate the change of chemical composition of steel in contact with GM and the interface microstructure between steel and GM after high temperature holding experiments. The steel cleanliness in terms of inclusion number density, size and size distribution was evaluated. It was found that the reducible component, low-melting-point phases and the pores in GM were passageway for steel penetration. The Al 2 O 3 GM was less prone to steel penetration due to its poor wetting and the dense transition layer. MgO GM provided more oxygen and showed a stronger oxidizing capacity due to its higher content of reducible oxides (10.5 wt.% SiO 2 + 2 wt.% Fe 2 O 3 ). The use of Al 2 O 3 GM resulted in an improved steel cleanliness and consequently could be a promising refractory in the tundish lining.
Introduction
Refractories are the most important materials used in ironmaking and steelmaking processes. Over 60 % of refractory products are consumed by the iron-making and steel-making industries [1] . Interactions between steel and refractory materials are of fundamental importance for steelmaking industry [2] . Most work on interaction between refractory materials and molten steel and its influence on steel cleanliness concentrated on the main types of refractory which have a prolonged exposure time to molten steel in integrated steelmaking vessels, such as for the converter or ladle bricks [2] [3] [4] [5] [6] [7] . Continuous casting is the last process where steel solidifies from liquid to solid in steelmaking processes. Tundish, as the final vessel in contact with molten steel before solidifying, provides the last opportunity to optimize the steel cleanliness and is therefore of significant importance for steel quality control [8] . However, it could also introduce exogenous inclusions through refractory erosion, slag entrapment, and steel reoxidation [2, 9, 10] , contaminating molten steel and degrading steel cleanliness [8] .
In order to reduce the wear of tundish refractory and the reoxidation of molten steel, gunning materials (GM) are commonly used in the inner surface layer of tundish as a dispensable protective layer between the main tundish refractory and the molten steel inside tundish. Although gunning materials is in contact with steel for 16 to 24 hours, it affects the steel cleanliness due to its direct contact with molten steel after the refining stage. Currently, the MgO GM is widely used and studied. For instance, Mantovani et al. investigated the interaction between MgO-based gunning materials and an Al-killed steel with respect to steel cleanliness [9] . They identified four major interactions at the refractory/steel interface, i. e. steel infiltration into gunning material, formation of an oxidized layer and formation of many particles in the steel near to the steel/refractory interface. They also found that the 2MgO·SiO 2 in gunning material reacted with the dissolved Al in molten steel to form a spinel layer at the interface. The Al 2 O 3 GM is relative less used and studied. Pengcheng Yan et al. investigated the interaction between Al 2 O 3 GM and an Ti-killed ultra-low carbon steel [2] . They found the Al 2 O 3 GM was less prone to steel infiltration than MgO GM. However, the phase changes of Al 2 O 3 GM after interaction were not studied. Several groups [8, 9, 11, 12] also confirmed that FeO and MnO impurities in refractory materials contribute to steel reoxidation and result in steel contamination by introducing exogenous inclusions. SiO 2 in refractory materials could also lead to severe reoxidation of molten steel [2, 11] . Higher contents of reducible compounds in refractory materials considerably increase the total oxygen (T. O) content in the molten steel and lead to steel cleanliness degradation [11, 12] . The interaction between refractory and slag has been widely investigated [13] [14] [15] [16] [17] . The reactions between the infiltrating slag and the refractory phases could slow down or even prevent further infiltration either by changing the liquid composition (making it more viscous) [18] or by the formation of new phases [19] , blocking the pores [15] and making the refractory more denser. Literatures focusing on quantitative investigations on the interaction mechanisms, phase changes, Al 2 O 3 GM and on the resulting steel cleanliness, which are essential for the application of gunning material selection and steel quality, however are relatively less. Based on this instance, our interest lies in whether a new dense phase will form during the interaction between steel and gunning materials, which could prevent the further penetration of molten steel and steel contamination.
In the present work, two types of gunning materials, namely MgO, Al 2 O 3 GM, were tested. The interactions between gunning materials and liquid steel, including chemical reactions, steel penetration, refractory corrosion, the phase changes and the oxidizing capacity of gunning materials, were investigated. The effect of gunning materials on the composition and inclusion (size, number density and size distribution) of steel was studied as well.
Experiment Preparation of steel
Al-killed ultra-low carbon and nitrogen steel was sampled at a steel plant after the ladle refining process and used in present experiment. Table 1 shows the chemical composition of the steel measured with inductively coupled plasma-atomic emission spectroscopy (ICP-AES), C-S analyzer (model: CS-8800), and Oxygen and Nitrogen Analyzer (model: LECO-TC500). This steel grade is easily reoxidized during the continuous casting process due to its high dissolved Al (394 ppm) and Ti (667 ppm). ). An alumina crucible (OD＝50 mm) was coated with a layer of gunning material (thickness of gunning materials layer: 7 mm) inside (Figure 2(a) 
Preparation of gunning materials

Interaction test
Tests were performed in a vertical tube furnace with LaCrO 3 bars as heating elements at 1823 K (1550°C) under Ar atmospheres. The experimental set-up and procedure are shown in Figure 1 . Argon (99.999 vol % purity) was blown into the furnace with a flow rate of 3.4 × 10 −6 m 3 /s. The alumina crucible was placed in a graphite crucible (ID＝55 mm). Around 200 g steel was charged into the crucible and melted in the furnace. Four steel samples were taken by sucking with quartz tube (ID = 4 mm) from the position closing to the bottom center of molten steel in crucible. Because the volume of the molten steel is not large, the sample taken is representative for inclusion and composition analysis. The first sample was obtained just after the melting and temperature stabilization (30 min for stabilization). The second, third and fourth one were taken at 60 min, 90 min and 120 min, respectively. A small volume of steel (around 5 g) was sucked into the quartz tube, subsequently placed into the cold quenching water for 1 min where it solidified. After 2 hours of holding, the furnace was cooled to room temperature. The crucible was then taken out of the furnace.
Characterization
The steel/GM interface was investigated in order to understand the mechanisms of steel/GM interaction. Sample involving steel/GM interface was embedded in Table 1 : Chemical composition of steel used for present experiment (mass %). Table 2 : Chemical composition of gunning materials (mass %).
an epoxy resin and polished (Figure 2(b) ). The microstructure and composition of the specimens were analyzed by a field emission scanning electron microscope (FE-SEM, Model: Nova 400 Nano) with energy dispersive spectrometer (EDS, Model: Le350 PentaFETx-3). The phase change of the refractory was analyzed by means of X-ray diffractometer (XRD, Model: X' Pert pro). The obtained steel sample (Figure 2 measured by the inert gas fusion-infrared absorptiometry and the T. N content was determined by inert gas fusionthermal conductivity method.
Results
Microstructure characterization of the steel/GM interface
The cross section of the samples is presented in Figure 2 (b). After 2 h contacting with liquid steel, the remained thickness of MgO GM is thinner than that of Al 2 O 3 GM. The SEM image of corroded gunning materials is shown in Figure 3 It should be noted: in order to ensure the original morphology of the Al 2 O 3 GM and avoid abrasive materials (Al 2 O 3 powder) into the pore, the Al 2 O 3 GM was not grinded and polished. So the sample of Al 2 O 3 GM is not flat, which results in a lower apparent Al concentration in the recessed area, and this is just a false impression. Figure 4(a)-(d) indicates that the steel infiltration damages the integrity of MgO GM. The same phenomenon is found in the Al 2 O 3 GM (Figure 4(e)-(h) ). The iron particles mainly exist in the surface of the Al 2 O 3 GM, whereas the severer and deeper steel infiltration occurs in the MgO GM, resulting in larger iron particles and severer structure damage in the MgO GM. The differences of Mg mapping over the observed region are caused by the steel infiltration and the cracks (formed by thermal shock during cooling or mechanical load during sample preparation) in the GM.
XRD patterns of the refractory
XRD patterns of two types of gunning materials after experiment are presented in Figure 5 . The hot face is closed to molten steel. The phase composition of hot face and the original layer after test are nearly the same in the MgO GM ( Figure 5(a) ). Compared with the original layer, single SiO 2 phase is not found in the hot face of Al 2 O 3 GM, this is because the SiO 2 exists in other phases as shown in Figure 5( 
Compositional evolution of molten steel
The measured results of the steel composition are listed in Table 3 . The compositional change of the steel as a function of time is shown in Figure 6, The number and size distribution of inclusion 
where Nv is the number of inclusions per unit volume in specimen (m The SEM and EDS images of inclusion in steel closed to the steel/GM interface are shown in Figure 8 . The large inclusions closed to the steel/refractory interface with irregular shape have a similar composition and structure as the gunning materials, indicating they are the results of gunning materials erosion. 
Discussion
The steel/GM interface MgO GM has two layers, infiltrated and original layer; Al 2 O 3 GM has three layers, infiltrated, transition and original layer. The infiltrated layer is thinner in the case of 
GM, N-number density of inclusions, V-volume fraction of inclusions, D-average diameter of inclusions).
No. 
According to the above experimental results, the schematic illustration of corrosion mechanism of gunning materials is shown in Figure 9 . Figure 5 ); I and MP, respectively means inclusions formed by the interaction and the metal particles in gunning materials. The steel infiltration may involve several elemental steps as shown in (Figure 9 form the large inclusion due to the structure damage of the gunning materials, these large inclusions have a similar composition as the gunning materials as confirmed by Figure 8 . The low melting point phase and molten steel flow into the interparticle pores and subsequently penetrate into the compact particle boundaries [4] . Finally, the high melting point particles (Al 2 O 3 ) are surrounded by the liquid phase and dissolved into the molten oxide mixture at high temperature, resulting in a higher viscosity and worse fluidity in the molten oxide mixture. With more particles dissolved into the oxide mixture, the liquid phase becomes more viscous to blocking the pores [15] . This is the formation mechanism of the dense transition layer, which slows down the material transfer in gunning materials and prevents further steel infiltration. Compared with MgO GM, the contact angle between molten steel and Al 2 O 3 GM is larger (θAl 2 O 3 /Fe＞140°) [21, 22] . Therefore, the Al 2 O 3 GM is found to be less prone to steel penetration due to its poor wetting and the dense transition layer. The lager iron particles and severer structure damage occurs in the MgO GM (Figure 4 ). The refractory materials particle drops into liquid steel, resulting in an increase in Mg content in test of MgO. The residual thickness of MgO GM is thinner than that of Al 2 O 3 GM after 2 h high temperature holding experiments (Figure 2 ).
Oxidizing capacity of gunning materials
During the interaction between steel and gunning materials, the dissolved Al and Ti in steel have priority in deoxidizing due to their stronger ability to combine with oxygen, [Si] content increases accordingly. The compositional evolution of steel ( reacts with oxygen supplied from the gunning materials, resulting in steel reoxidation. The oxidation capacity of gunning materials can therefore be quantified by the amount of the oxygen supplied from gunning materials to molten steel (O R ) during the interaction, which can be calculated as eq. (7) [8] .
where M represents dissolved Al, Ti, and Mn in molten steel; W O and W M is the atomic weight of oxygen and M, respectively; and x and y is the atom numbers of M and O in the stable oxide M x O y . It should be noted that the evolution of Si is not considered in eq. (7) because (a)
[Si] would be the product of the reoxidation reaction and (b) due to the inaccuracy of the [Si] analysis [8] . O R can be calculated according to the data in the Table 3 . Figure 10 shows the evolution of oxygen quantity supplied from the gunning materials to molten steel. The MgO GM supplies more oxygen (about 900 ppm at end of the experiment) than Al 2 O 3 GM (about 800 ppm), showing a stronger oxidizing capacity of MgO GM due to its higher reducible component (10.5 wt.% SiO 2 + 2 wt. % Fe 2 O 3 ). It should be noticed that in the present tests the amount of gunning materials compared with that of steel is large, providing extreme compositional exchange capacity with respect to the steel. For both tests, the supplied oxygen rapidly increases in the first 30 min and then levels off, indicating that the steel oxidation is much severer at the beginning of the interaction. This is because (1) a large contact interface provides enough site for steel reoxidation in the beginning of test and consequently leads to a strong steel reoxidation (step 1), (2) with the depletion of [Al] and [Ti], i. e., elements that are prone to be oxidized, the driving force for steel reoxidation decreases and consequently the speed for steel reoxidation decreases as well, (3) Figure 11 . The quantity of oxygen supplied from the gunning materials to the molten steel is much larger than the measured T. O content. This arises from (1) the floatation of the oxidation products. Non-metallic inclusions have a relatively smaller density compared to the molten steel, and therefore floats to the top surface of the molten steel, decreasing the T. O; (2) steel infiltration, i. e., part of the molten steel is reoxidized inside the gunning materials. The formed nonmetallic inclusions are therefore entrapped inside the gunning materials and would not contribute to the T. O significantly in steel phase.
Effects on the steel cleanliness
Firstly, it can be seen from the above results that O R ( Figure 10 ) increases with the interaction time for all the experiments, indicating a continuous steel reoxidation. Secondly, considerably lower values of the number density, volume fraction of inclusions ( (Figure 7 ), the inclusion number density (Table 4 ) and the size of inclusions decreases, indicating that most of new inclusions have small size, and part of large-size inclusions floats to the surface of molten steel. So the steel reoxidation slightly increases the T. O content in steel, indicating that the main fraction of the reoxidation products don't stay in steel phase. These analyses agree well with the T. O＜O R . The use of Al 2 O 3 GM results in an improved steel cleanliness because the transition layer in Al 2 O 3 GM slows down the mass transfer and the Al 2 O 3 GM contains lower reducible oxides.
Conclusions
The interaction between steel and gunning materials used in tundish was investigated at 1823 K on laboratory scale. The phase change and erosion of refractory was studied. The steel cleanliness by using distinct gunning materials, namely, MgO and Al 2 O 3 GM was compared. The compositional evolution of molten steel was analyzed. The main results are summarized as follow: Table 5 : Activity interaction parameters of elements in steel [21] . (1) SiO 2 and Fe 2 O 3 in gunning materials are reduced by the dissolved Al, Ti, Mn and Si in molten steel, and then liquid steel penetrates into the sites where they locate, resulting in steel infiltration. The pores and low melting point phases in gunning materials also provide the passageway for steel infiltration. The steel infiltration damages the integrity of gunning materials, as a result, the refractory materials particles fall into liquid steel to become large-sized inclusions. (2) The Al 2 O 3 GM is found to be less prone to steel penetration due to its poor wetting with molten steel and the dense transition layer. However, the much severer steel infiltration occurs in test of MgO GM because of its better wetting properties. 
